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The research on transition in supersonic and hypersonic boundary layers has been reinvigorated in the last decades because of the increased interest in high-speed flight. The
receptivity to environmental disturbances of high-speed boundary layers developing over
flat plates or curved surfaces is a very important problem because the transition process
is directly impacted by it. The main objective of the research is to determine the effect
of small steps on laminar high-speed boundary-layers that are excited by freestream disturbances in the form of vorticity and acoustic waves. Both supesonic and hypersonic
regimes are analyzed using a high-order compressible Navier-Stokes numerical algorithm.
It is found that both the backward and the forward steps are capable of stabilizing the disturbances that propagate inside the boundary layer. This will potentially delay the formation
of three-dimensional disturbances that are precursors to transition into turbulence.
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CHAPTER 1
INTRODUCTION

There are many practical examples where the supersonic flow regime is present: from
a bullet fired from a gun to military fighter aircraft or the space shuttle flight to the orbit. Many experimental and numerical research studies are conducted to design better
performing vehicles flying at supersonic speeds. NASA, for example, in the near future, is
interested in designing commercial aircraft that fly at supersonic speed. Rockets and space
shuttles, after the liftoff stage, fly at supersonic and hypersonic speeds.
Boundary layer flows are open systems that are actively affected by wall conditions
and freestream disturbances from external flow. When operating conditions change, the
laminar state may transition into turbulent flow where different transition patterns lead
to different turbulent characteristics. The transition mechanism depends on the upstream
conditions or on the surface imperfections from which downstream turbulent flow field
evolves. Acoustic waves that can be generated by various means (e.g. from jet engines
that are placed on the wings), for example, are very efficient in destabilizing the boundary
layer on wings. The stability of the boundary layer depends on small variations of the
boundary or initial conditions and is very sensitive to small departures of the mean flow
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from its initial shape. In order to capture the correct transition onset location on a wing,
the accuracy of the numerical tools must be high (Mohsen Jahanmiri [39]).
Transition from laminar to turbulence is forced by free stream perturbations or by surface wall roughness as in many practical fluid flow applications. In particular, surface imperfections can have a significant impact on the transition from laminar to turbulent flow
in boundary layers. They can delay or accelerate the transition process, thus decreasing
or increasing the skin friction drag. Consequently, it is clear that predicting and understanding the boundary layer transition are both key factors in the successful development
of low-drag vehicles and efficient fluid mechanics systems. The lack of experimental data
and the inability to numerically model the transition onset makes the understanding of
transition difficult. However, much progress has been achieved in the last decades in predicting the transition onset using computer simulations, which replace the more expensive
experimental work [15].
There are two main categories of transition in boundary layer flows; the first one is
often observed when there are small environmental disturbances, and it also deals with the
instabilities in the boundary layer described initially by linear stability theories (Morkovin
and Kline 1968 [38]). Conversely, the second category of transition, generally called bypass, is usually detected when higher environmental perturbations are imposed (Morkovin
1990 [38]). It is related to direct nonlinear laminar flow breakdown influenced by external
instabilities (e.g. surface imperfections, free-stream disturbances, etc).
Receptivity is considered to be the first stage of the transition process from laminar to
turbulent flow. This concept was first introduced by Morkovin in 1969 ([45]) to express the
2

energy mechanism of the freestream entering and exciting instability waves in the boundary layer. In other words, receptivity is the process where free stream disturbances or
surface imperfections excite the boundary layer instability waves in the first stage. These
instability waves play an important role in the transition from laminar to turbulent flows.
It is preferable in some cases (e.g. when the goal is to delay transition) to minimize the
amplitude of these instability waves (Kerschen [33]).
There are two types of receptivity; the natural receptivity process where instability
waves are generated by natural external disturbances, such as sound waves, vorticity waves
or small surface imperfections. In this case, the boundary layer acts like a filter, where a
short scale adjustment takes place when the disturbances penetrate the boundary layer from
the top. This mechanism occurs in any localized region downstream or at the leading edge.
The second type, called the forced receptivity, refers to the process by which artificial
disturbance waves are produced. In this case, a short local length scale is usually present
in the mean flow or boundary conditions which causes a disturbing wave that already exist
in the boundary layer [39].
This research thesis is concerned with the receptivity of a high-speed boundary layer
developing on a flat plate featuring a forward- or a backward-step excrescence (Figure 1.1).

3

Figure 1.1
Forward and backward step excrescences.

The freestream Mach number is 3.5 for the supersonic and 5.92 for the hypersonic flows
that are considered in this thesis, while the Reynolds number based on the step height and
the free stream velocity is 15000 and 6500, respectively. Direct numerical simulations,
solving for the compressible Navier-Stokes equations in two-dimensions, are performed
to study a supersonic boundary layer receptivity to free-stream disturbances with a small
surface step. Vorticity, fast and slow acoustic waves, are generated at the inflow boundary.
They are convected in the downstream in supersonic flow and pass through and interact
with an oblique discontinuity generated by the small steps. It is found that the interaction
between the disturbances and the oblique discontinuity is responsible for the amplitude
reduction that takes place inside the boundary layer.
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CHAPTER 2
LITERATURE REVIEW

Boundary layer concept was first introduced by Prandtl [52, 1] at the beginning of the
twentieth century. He defined the boundary layer as a thin region in the proximity to the
wall, where frictional forces are important, and where the velocity of the fluid increases
from zero starting at the wall (no slip condition) up to the external region until it reaches
the external inviscid flow region (Figure 2.1).

Figure 2.1
Laminar boundary layer velocity profile [31]

.
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The boundary layer thickness increases in the downstream direction, and if adverse
streamwise pressure gradients are present, the flow inside the boundary layer may become
reversed. Prandtl was the first to consider the separation of the boundary layer flow as a
result of an adverse pressure gradient; in the flow separation process, the fluid particles are
forced to detach from the wall resulting in a flow reversal.

2.1

Origin of turbulence and transition in boundary layer
The understanding of the mechanism of transition from laminar to turbulent flows at

high Mach number and large Reynolds number has been the subject of much debate over
the last few decades. To be able to attain a more accurate prediction of this important
physical process, a full understanding is desirable.
Hermann Schlichting [52] came up with a new theoretical explanation of how disturbances evolve inside a boundary layer and eventually transition into turbulence. He and his
co-worker discovered waves known as Tollmien-Schlichting waves, which are considered
to be small disturbances propagating in a laminar boundary layer that may undergo transition into a turbulent boundary layer. When these small instabilities travel downstream, they
can either be damped or amplified; in this last case, they basically break up into large turbulent spots that merge finally to a turbulent region. Figure 2.2 shows the different stages
of the transition in a boundary layer developing on a flat plate: first the flow is laminar;
then, small chaotic oscillations develop in the fluid at some distance from the leading edge;
in the next stage, the flow starts to transition into turbulence and ultimately become a fully
turbulent boundary layer.
6

Figure 2.2
Flow of a fluid over a flat plate: transition process [23]

The transition may involve many different factors that affect the disturbances inside
boundary layers, such as pressure gradient, Mach number, surface temperature, and surface
roughness whether two or three dimensions [6]. Numerous investigations are concerned
with studies of acoustic waves in supersonic boundary layer, and one of the important
findings is that the disturbances generated by freestream acoustic waves are much larger
inside the boundary layer than the amplitudes of the free stream disturbances. Fedorov and
Khokhlov investigated the excitation of the first and the second modes by acoustic waves
near the leading edge region using asymptotic theory [16]. On the other hand, Gapanov
showed that near the critical region the energy is transmitted to the T-S waves, where the
ratio between the incident wave and reflected waves is the largest [26].
Balakumar performed a series of numerical experiments and found that the wavenumber distributions decrease beginning from the leading edge and increase downstream to
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merge and form the instability waves [2]. For instance, the transition process can be triggered by various sources such as freestream disturbances or discrete and distributed surface
roughness elements. It is a result of the nonlinear response of laminar boundary layers to
environmental disturbances; it is also an important problem in both low- and high-speed
aerodynamics.
At supersonic speeds, significant uncertainty exists regarding the nature of the transition from laminar to turbulent flow. The essential mechanism of transition appears to be
approximately similar in all flow regimes. The magnitude of wall pressure fluctuations is
observed to be greater in the transitional region than in the turbulent region. High-speed
transition results in increased thermal and aerodynamic loading and influences the design
of supersonic and hypersonic vehicles [15, 30].

2.2

Receptivity in boundary layer
It is now known that the receptivity of boundary layers to free-stream disturbances

and/or surface imperfections plays an important role in the process of transition from laminar to turbulent flow. Many experiments and numerical simulations showed that, while the
fluctuation amplitude outside the boundary layer decays in downstream, the amplitude of
the perturbations inside the boundary layer increases considerably. The link between outside disturbances and the disturbances that develop inside boundary layer flows is the main
subject of receptivity studies. Over the years, numerous studies have attempted to understand and explain the mechanisms by which different surface imperfections may influence
the boundary layers developing over flat or curved surfaces.
8

Surface imperfection may influence the boundary layer and can have an impact on the
receptivity. Schubauer and Skramstad [24] in their pioneering experiment were the first
to demonstrate the existence of Tollmien-Schlichting instability waves inside the boundary layer. During their experiment, they studied a kind of receptivity experiment, which
generated spatially amplifying waves.
During the 1980s, Goldstein (1983) and later on Ruban (1985) investigated the receptivity of the boundary layer by employing asymptotic analysis at the first neutral point of
the instability waves known as Tollmien-Schlichting (TS). They revealed that, to trigger the
boundary layer instability, it is mandatory to have the frequency and wave vector resonance
between the external disturbances and the instability eigenmode of the base flow. Henceforward, to trigger TS waves in the boundary layer, scale reduction is crucial. Goldstein
found that a short-scale downstream variation of the base flow is required in a scale conversion. This condition is realized in two regions: the first, where the boundary layer grows
rapidly at the leading edge; and the second region, in the vicinity of localized surface nonuniformity. Therefore, there are two receptivity mechanisms; the first is a direct process at
the leading edge and the second is associated with the interaction between disturbances in
the free-stream and the steady mean flow streamwise variation [53].
Later on in 2003, Yanbao Ma and Xiaolin Zhong [35] studied the receptivity of Mach
4.5 supersonic boundary layer on flat-plate where the free stream disturbance waves pass
first through the oblique shock wave caused by the displacement of the boundary layer.
Their study showed that this mechanism leads to the excitation of both Mach modes and
the family of stable modes. The stable mode I are important because they interact with both
9

the Mach-mode and forcing acoustic waves, where perturbation energy is transferred to the
second Mach-mode waves. Studying the receptivity of unstable and stable Mach modes is
necessary to understand the receptivity mechanism in supersonic boundary layers.
Pierre Ricco & Xuesong Wu (2006-2007) [43] investigated the behavior of compressible laminar boundary layer under the effect of freestream disturbances. They found that
the low-frequency fluctuations are the predominant response in the compressible laminar
boundary layer, where the unsteady flow is characterized by streamwise elongated lowfrequency velocity streaks. Generally, increasing the Mach number, results in raising the
temperature and the mass-flux fluctuations, yet there is a complexity regarding the effect
of compressibility on the velocity fluctuation.
Surface imperfections are important disturbing factors in boundary layer transition, and
it is know either from experiments (Gregory et al. [27], Drake et al. [11], Duncan et al.
[14]) or numerical simulations (Choudhari and Fischer [10], Yoon et al. [56], Muppidi and
Mahesh [42], Iyer et al. [30], Brehm et al. [7], Duan and Choudhari [12], Subbareddy
et al. [54], Rizzetta and Visbal [46], Sescu et al. [50, 51], Chaudhry et al. [9], Haywood et al. [28]) that they can have a real impact on the boundary layer receptivity and
transition. Direct numerical simulations showed that small steps may impact the transition onset, depending on the type and height of the step, as well as the flow conditions.
Rizzetta and Visbal [46] used an implicit high-fidelity large-eddy simulation framework to
analyze the flow developing over a flat-plate configuration with forward- and backwardfacing steps located downstream of an elliptical leading edge. The upstream flow within
the boundary layer was excited by introducing disturbances on the plate surface through
10

appropriate boundary conditions (small-amplitude blowing-suction at the wall). Rizzetta
and Visbal [46] found good agreement with experiments in terms of skin friction distribution and transition location. In another paper, Rizzetta and Visbal [47] studied the flow
over backward and forward excrescences and a smooth bump using a two-dimensional
Navier-Stokes solver. They excited the flow in the boundary layer as before, using a smallamplitude blowing-suction forcing at the wall, and performed a parametric study to assess
the influence of the forcing frequency on the evolving flow structures. In addition, the
predicted transition locations were compared to results from a linear stability solver, and
it was found that by using growth rates from forced solutions resulted in more accurate
predictions of the transition onset.
The interest in studying the effect of surface imperfections on the transition in supersonic and hypersonic boundary layers has been revitalized in recent years. The transition
at supersonic speeds is sensitive to the shape and height of surface imperfections and the
Reynolds number as in the incompressible regime. In addition, it is also dependent on the
Mach number, free-stream temperature, the thermal boundary conditions at the wall, and
shock waves that may develop due to the presence of the imperfections. The way the latter
impacts the transition in high-speed boundary layer is still unclear. Most of the studies
involving surface imperfections looked at isolated roughness elements of different shapes.
A comprehensive review about the effect of different roughness elements on hypersonic
boundary layers can be found in Schneider [49].
Acoustic waves were found to be very effective in exciting high-speed boundary layers because the phase speed of the acoustic waves synchronizes with the phase speed of
11

the first modes that correspond to the lower branch of the neutral stability curve. There
are numerous studies involving the interaction of acoustic waves with supersonic boundary layers (e.g. Mack [37], Gaponov [25], Gaponov and Smorodsky [26], Fedorov and
Khokhlov [16, 17], Sakaue et al. [48], Fedorov [18]). In some of these studies, it was
found that acoustic waves are very effective in exciting disturbances inside the boundary
layer with amplitudes that become much larger than those in the free-stream, but this happens only above some critical Reynolds number as in the incompressible regime. Other
studies (Fedorov and Khokhlov [16, 17], Sakaue et al. [48], Fedorov [18]) were concerned
about the generation of the first and second modes in the vicinity of the leading edge. The
effect of all types of waves, (i.e. slow acoustic, fast acoustic, vorticity and entropy waves)
on supersonic boundary layers was studied and reported in a suite of papers by Balakumar [2, 3, 4]. The generation and the evolution of three-dimensional disturbances induced
by slow and fast acoustic disturbances and isolated roughness elements in a supersonic
boundary layer over flat plates and wedges were numerically investigated by solving the
full three-dimensional Navier-Stokes equations. It was found that instability waves are
generated within one wavelength of the acoustic wave from the leading edge.
Previous experimental and numerical studies (Holloway and Sterrett [29], Fong et al.
[19, 20, 21, 22], Duan et al. [13], Park and Park [44], Mortensen and Zhong [41]) brought
evidence that two-dimensional roughness elements can delay the transition onset in highspeed boundary layers. Holloway and Sterrett [29], for example, carried out early experiments on flat plate boundary layer for free stream Mach number of 4.0 and 6.0 with
roughness elements, and observed a delay in the transition for roughness elements with
12

height smaller than local boundary layer thickness. Duan et al. [13] and Fong et al.
[19, 20, 21, 22] in a series of studies investigated the effect of two-dimensional roughness on the instability of the second mode by direct numerical simulations (DNS). Their
numerical results proved that the roughness located at the downstream of the synchronization point is able to stabilize this mode. Park and Park [44] studied the effect of a
two-dimensional smooth hump on linear instability of hypersonic boundary layer by using
parabolized stability equations. Their results confirmed the findings of the previous studies: that the second mode S is stabilized by the hump when it is located in the downstream
of the synchronization point, but they also found that this mode is destabilized if the hump
is located in the upstream of the synchronization point.

2.3

Thesis objectives
The objective of the research included in this thesis is to study the effect of surface

step excrescences on high-speed boundary layer receptivity in the presence of free-stream
disturbances (fast and slow acoustic waves, and vorticity waves) and confirm the reduction
of the disturbance amplitudes in the boundary layer. The numerical tool is a high-accurate
solver, discretizing the unsteady, compressible, conservative form of the Navier-Stokes
equations in a body-fitted curvilinear coordinates. Shock capturing techniques are employed to avoid unwanted oscillations that may propagate from potential discontinuities.
Single harmonic free-stream disturbances in the form of acoustic and vorticity waves are
imposed at the inflow boundary. Sponge layers and grid stretching are employed in the
far-field to damp out the unwanted waves that propagate to the far-field or may be reflected
13

back from the boundaries. It is found that both the backward and forward step excrescences
are able to reduce the amplitude of disturbances propagating inside the boundary layer.
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CHAPTER 3
GOVERNING EQUATIONS AND NUMERICAL TOOL

3.1

Governing Equations
The full compressible Navier-Stokes equations, written in curvilinear coordinates and

cast in conservative form, are numerically solved to resolve both the external and the
boundary layer flows. The governing equations in two dimensions are written in generalized curvilinear coordinate, where a transformation from the physical domain to the
computational domain is achieved as follows:

τ = τ (t)
ξ = ξ (x, y, t)

(3.1)

η = η (x, y, t)
where the spatial coordinates in the computational space are; ξ, η, and the spatial coordinates in physical space are; x and y; τ , coincides with the computational time. The
conservative form of the Navier-Stokes equations in curvilinear coordinates is written as
follows:

Qt + (FI − FV )ξ + (GI − GV )η = S.
15

(3.2)

where S is the source vector term. The vector of the conservative variables is given by

Q=

1
{
}T ,
J ρ ρu ρv E

(3.3)

where ρ as the density of the fluid, ui = (u, v) is the velocity vector in physical space, and
E as the total energy. The following flux vectors represent the inviscid flux vectors, FI and
GI and the viscous flux vectors FV and GV , respectively:




ρU







1  ρuU + ξx p
FI =
J


ρvU + ξy p







 EU + pŨ




0







1  ξx τxx + ξy τxy
FV =
J


ξx τxy + ξy τyy







 ξx Θx + ξy Θy






















ρV
















ρuV
+
η
p
x
1
GI =
,

J



ρvV + ηy p 













 EV + pṼ 









0
















η
τ
+
η
τ
x
xx
y
xy
1
GV =
,

J



ηx τxy + ηy τyy 













 ηx Θx + ηy Θy 


,

























,













(3.4)

(3.5)

The contravariant velocity components are defined as

U = ξt + ξx u + ξy v = ξt + Ũ

(3.6)

V = ηt + ηx u + ηy v = ηt + Ṽ

(3.7)

and the shear stress tensor components and heat fluxes are given by
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2µ
[2 (ξx uξ + ηx uη ) − ξy vξ − ηy vη ]
3Re
2µ
=
[2 (ξy vξ + ηy vη ) − ξx uξ − ηx uη ]
3Re
µ
=
(ξy uξ + ηy uη + ξx vξ + ηx vη )
Re

τxx =

(3.8)

τyy

(3.9)

τxy

µ
(ξx Tξ + ηx Tη )
2 ReP r
(γ − 1)M∞
µ
(ξy Tξ + ηy Tη )
= uτxy + vτyy +
2 ReP r
(γ − 1)M∞

(3.10)

Θx = uτxx + vτxy +

(3.11)

Θy

(3.12)

A non-chemically-reacting flow is considered, with the equation of state for an ideal
2
, where all three thermodynamic variables of the fluid are
fluid is written as p = ρT /γM∞

combined: p is the pressure, T is the temperature and rho is the density of the fluid, R
is the gas constant. Other notations in the above equations include the dynamic viscosity
µ, Reynold’s number Re = ρV∞ L/µ based on the density at infinity, ρ∞ , a characteristic
velocity V∞ , and a characteristic length L, the free-stream Mach number M∞ = V∞ /a
(where a represent the speed of sound). In addition, the specific heat at constant pressure is denoted by Cp and the ratio between the specific heats by γ. Prandtl’s number
is given by P r = Cp µ/k, where k is the thermal conductivity. J is the Jacobian of the
curvilinear transformation from the physical space to computational space, and the grid
metrics are represented by the derivatives ξx , ξy , ηx and ηy . Excluding the pressure which
is nondimensionalized by ρ∞ V∞2 , all the variables are non-dimensionalized by their respective free-stream variables. Besides, the dynamic viscosity and thermal conductivity k are
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both connected to the temperature by the Sutherland’s equations written in dimensionless
form as

µ = T 3/2

1 + C1 /T∞
;
T + C1 /T∞

k = T 3/2

1 + C2 /T∞
,
T + C2 /T∞

(3.13)

where T∞ is a reference temperature, and for air at sea level, C1 = 110.4K, C2 = 194K.

3.2

Numerical Algorithm
The time integration is performed using an explicit third-order Total-Variation-Diminishing

(TVD) Runge-Kutta method [5] given by

Q(0) = Qn
Q(1) = Q(0) + ∆tL(u(0) )
3 (0)
Q +
4
1 (0)
=
Q +
3

Q(2) =
Qn+1

1 (1)
Q +
4
2 (1)
Q +
3

1
∆tL(Q(1) )
4
2
∆tL(Q(2) ),
3

(3.14)

where the residual is represented by L(Q). The spatial derivatives are discretized using dispersion-relation-preserving schemes of Tam and Webb [55]. For example, the first
derivative is given by a centered difference approximation using 2M + 1 values from left
and right as


∂f
∂x


l

M
1 X
aj fl+j
'
∆x j=−M

(3.15)

Using the Fourier analysis of the above equation, the coefficients aj were calculated by
decreasing the integrated error of the difference between the exact wavenumber and the nu18

merical wavenumber. This resulted in the coefficients: a−3 = −a3 = −0.020843142770,
a−2 = −a2 = 0.16670590441, a−1 = −a1 = −0.77088238051 and a0 = 0. This scheme
was explicitly intended to achieve high resolution for wave propagation problems.
To damp out the spurious oscillation from the numerical solution, high-order spatial
filters, as developed previously by Kennedy and Carpenter [32], are employed. These
filters are aimed at suppressing only the high-wavenumber range resulting from the highorder discretization and not interfering with the propagation of physical waves that are
solutions to the governing equations. In this research, shock capturing technique was also
applied to avoid unwanted oscillations that may propagate from potential discontinuities.
It was proved to work efficiently in the framework of high-order nonlinear computations
as proposed by Bogey et al [8].
At the inflow and outflow boundaries, nonreflecting boundary conditions are used (Kim
and Lee [34]) to ensure that nonphysical waves are not reflected back into the domain. At
the surface of the flat plate and at the vertical portion of the step, no slip boundary condition
is imposed where uwall = vwall = 0. On the other hand, the pressure and the density are
extrapolated such that adiabatic condition is assumed at the wall. To damp the unwanted
spurious waves propagating form the outflow or farfield boundaries, sponge layers and grid
stretching as described below are employed. Sponge layers are modeled using a source
term Ssponge in the momentum equations in the form
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Ssponge





ρ − ρmean







1  ρu − (ρu)mean
= σ(x, y)
J


ρv − (ρv)mean







 E − Emean














(3.16)













where ρmean , (ρu)mean , (ρv)mean and Emean are running averages of conservative variables; the relaxation function σ(x, y) (e.g., along x-direction) is given as


σ(x, y) = As

x − xstart
xend − xstart

Ns
.

(3.17)

where As is a given relaxation constant (in the order of 10), xstart and xend indicate the
start and the end of the sponge layer, respectively, and the exponent, Ns , is equal to 3.

3.3

Free-stream Disturbances
To excite the laminar boundary layer, slow and fast acoustic waves as well as vortic-

ity disturbances are imposed at the inflow boundary. The free-stream discontinuities are
superimposed on the steady base flow in order to study the receptivity behavior of the
boundary-layer, which leads to either the growth or decay of instability waves traveling
downstream. Specifically, the perturbations considered in this work are written as follow
(Ma and Zhong [36])
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exp(i(kx x + ky y − ωt))

(3.18)
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∗

 u 

where ρ∗ , u∗ , v ∗ and p∗ are the amplitudes of the free-stream disturbances. Two-dimensional
disturbances are considered in this research, written in the following forms.
-fast acoustic waves with ω = |k|(1/M∞ + cos θ):

ρ∗ = M∞ ,
u∗ =  cos θ,
v ∗ = − sin θ,

(3.19)

p∗ = γM∞
-slow acoustic waves with ω = |k|(−1/M∞ + cos θ):
ρ∗ = M∞ ,
u∗ = − cos θ,
v ∗ =  sin θ,
p∗ = γM∞
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(3.20)

-vorticity waves with ω = |k| cos θ:
ρ∗ = 0,
u∗ =  sin θ,
v ∗ =  cos θ,

(3.21)

p∗ = 0

where  represent the multiplication factor and is a small number measuring the magnitude
of the free-stream disturbances. The wavenumber magnitude is given by |k| =
θ is the incident angle, and M∞ is the Mach number at infinity.
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p 2
kx + ky2 ,

CHAPTER 4
RESULTS AND DISCUSSION

In this chapter, results for a supersonic and a hypersonic boundary layer excited by
acoustic and vorticity waves are presented and discussed. Both backward and forward step
excrescences with the height in the order of the boundary layer displacement thickness
are considered. Since the leading edge of the flat plate and the associated shock wave is
not included in the calculation, the inflow conditions, which consist of profiles of velocity,
density and pressure, are obtained from a steady flow simulation in the same conditions.

4.1

Supersonic boundary layer (M = 3.5)
This section shows the results for a high-speed boundary layer of Mach number 3.5

excited by free-stream disturbances. The x-axis is aligned with the surface of the plate
and the y-axis is normal to it. The step height is 0.2 mm and is located at 50 cm from
the leading edge (corresponding to a nondimensional coordinate of 150). Nonetheless, this
study aimed to analyze a two-dimensional disturbances imposed at the inflow boundary and
evolvong inside the boundary layer; a discontinuity is expected to occur due to the presence
of the step. The mean flow was calculated first without imposing the disturbances at the
inflow; then, three types of disturbances were imposed at the inflow boundary: i) vorticity
waves, ii) slow acoustic waves, and iii) fast acoustic waves. The spatial coordinates are
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nondimensionalized by the step height, velocity by the free-stream velocity, pressure by
the free-stream dynamic pressure, and density by its corresponding value at infinity.
The meshes were generated in GridPro and consist of 504, 000, 519, 000 and 570, 00
grid points for the smooth surface, forward step and backward step configurations, respectively. The grid is compressed in the vicinity of the step, and stretched to a uniform grid
+
outside of the step such that ∆x = 0.1 mm and ∆ymin = 0.004 mm (with ∆ymin
≈ 1).

For a disturbance wavelength of 2.5 mm, this ∆x sets the number of points per wavelength
to approximately 20. The non-dimensional time step was 0.02 which corresponds to a dimensional time step of 3.56 × 10−9 while the period of the disturbance is 2.114 × 10−6 (the
oscillations in time were over-resolved). Two disturbance amplitudes of 0.01 and 0.02 are
considered next.

4.1.1

Disturbance amplitude 0.02

Figures 4.1-4.9 show contour plots of pressure, wall pressure distributions, and mean
profiles in the vicinity of the wall for the disturbance amplitude of 0.02. The first three
sets of figures (4.1-4.3) illustrate the results for the flat-plate with no step (no-step). In the
contour plot and the wall pressure distribution show how the disturbances are amplified
inside the boundary layer, while the free-stream disturbances are convected by the mean
flow at a constant amplitude. The mean flow profiles show a slight increase of both the
momentum and thermal boundary layers thickness (the variation in density can be linked to
the variation of temperature through the equations of state, where pressure is constant in the
streamwise direction); from the mean density profile, one can notice that the wall density
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increases with increasing the streamwise coordinate, which translates into an increase in
the temperature. Figure 4.3 shows that the vorticity waves have a bigger impact on the
mean flow compared to the effect that the slow and fast acoustic waves have; the growth of
the disturbances inside the boundarylayer are also slightly higher.
In figures 4.4-4.6, results corresponding to the forward step are included. They show
that the step excrescence poses a weak discontinuity in the flow that interacts with the
disturbances that are propagating in the downstream. From part b of the figures that correspond to a comparison of wall pressure distributions between the foward step and no-step
cases, it can be seen that the disturbances inside the boundary layer are not significantly
affected in the dowstream of the step when slow or fast acoustic waves are imposed at the
inflow. However, figure 4.6 shows that the disturbances decay significantly in the downstream when vorticity waves are imposed. Mean profiles in 4.4-4.6 show that there is a
distortion in both mean density and mean streamwise velocity in the vicinity of the step.
In the next Figures 4.7-4.9, the results from the boundary layer with a backward step are
presented compared to the results from the no-step case. A sight decay in the disturbances
can be seen in figure 4.7, corresponding to slow acoustic waves imposed at the inflow. The
comparison between the results from fast acoustic waves with the no-step case shown in
Figure 4.8 looks very similar to the case shown in Figure 4.7. Very different results are
obtained when vorticity waves are imposed: the disturbances inside the boundary layer
decay significantly. The mean profiles from all three types of disturbances show the same
qualitative behavior. There is a decrease in the density just upstream of the step (x = 140)
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and an increase in the downstream (x = 160). The mean velocity profiles show a slight
flow revearsal in the downstream of the step (x = 160).
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.1
Results for the no-step case with slow acoustic disturbance.
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a)

b)

c)

d)

Figure 4.2
Results for the no-step case with fast acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.

28

a)

b)

c)

d)

Figure 4.3
Results for the no-step case with vorticity disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.

29

a)

b)

c)

d)

Figure 4.4
Results for the fs-step case with slow acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.5
Results for the fs-step case with fast acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.6
Results for the fs-step case with vorticity disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.7
Results for the rs-step case with slow acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.8
Results for the rs-step case with fast acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.9
Results for the rs-step case with vorticity disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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4.1.2

Disturbance amplitude 0.01

In this subsection, results for a smaller free-stream disturbance amplitude (half from
the amplitude that was considered in the previous subsection) are presented and discussed.
The first three figures 4.10-4.12 illustrate the results for the flat-plate with no step (no-step).
As in the previous case, from the contour plots it can be seen that the disturbances inside
the boundary layer experience a growth, and that the vorticity waves are more efficeint in
exciting the boundary layer as seen from the larger amplitudes that the disturbances reach
at. The mean flow profiles show the same qulitative trends as for the higher amplitude
results shown in the previous subsection.
In figures 4.13-4.15, results corresponding to the forward step are included. They show
that the step excrescence poses a weak discontinuity in the flow that interacts with the
disturbances that are propagating in the downstream. Part b of the figures shows that the
disturbances inside the boundary layer are affected in the dowstream of the step for all
three types of disturbances. Mean profiles in 4.13-4.15 show that there is a distortion in
both mean density and mean streamwise velocity in the vicinity of the step.
Figures 4.16-4.18 show results from the boundary layer with a backward step; they are
compared to the results from the no-step case. A sight reduction in the amplitudes of the
disturbances can be seen in figures 4.16 and 4.17 corresponding to slow and fast acoustic
waves, respectively. The reduction in the amplitude when vorticity waves are imposed is
more significant. The mean profiles from all three types of disturbances show the same
qualitative behavior. There is a decrease in the density just upstream of the step (x = 140)
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and an increase in the downstream (x = 160). The mean velocity profiles show a slight
flow revearsal in the downstream of the step (x = 160).
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a)

b)

c)

d)

Figure 4.10
Results for the no-step case with slow acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) instantaneous pressure plot at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.11
Results for the no-step case with fast acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) instantaneous pressure plot at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.12
Results for the no-step case with vorticity disturbance.
a) Pressure contour plot of the instantaneous flow; b) instantaneous pressure plot at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.13
Results for the fs-step case with slow acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.14
Results for the fs-step case with fast acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.15
Results for the fs-step case with vorticity disturbance.

a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.16
Results for the rs-step case with slow acoustic disturbance.

a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.17
Results for the rs-step case with fast acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.18
Results for the rs-step case with vorticity disturbance.
a) Pressure contour plot of the instantaneous flow; b) superposed pressure disturbances plots at the
wall; c) mean density at different x locations; d) mean U-velocity at five different x locations.
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4.1.3

Qualitative comparison in terms of the type of disturbance

In this subsection, a brief qualitative description of the results is included (as highlighted in Table 4.1.3):
Case 1: Comparison of fs-step cases for different types of disturbances with the amplitude 0.02; the results corresponding to vorticity disturbances show the highest rate of
reduction inside the boundary layer.
Case 2: Comparison of fs-step cases for different types of disturbances with the amplitude 0.01; the results corresponding to slow acoustic waves show the highest rate of
reduction inside the boundary layer.
Case 3: Comparison of rs-step cases for different types of disturbances with the amplitude 0.02; the results corresponding to vorticity disturbances show the highest rate of
reduction inside the boundary layer.
Case 4:Comparison of rs-step cases for different types of disturbances with the amplitude 0.01; the results corresponding to vorticity disturbances show the highest rate of
reduction inside the boundary layer.
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Table 4.1
Supersonic qualitative comparison in terms of the type of disturbance
fast acoustic
case 1

forward step (0.02) vs no step (0.02)

slow acoustic
vorticity
fast acoustic

case 2

forward step (0.01) vs no step (0.01)

slow acoustic
vorticity
fast acoustic

case 3

rearward step (0.02) vs no step (0.02)

slow acoustic
vorticity
fast acoustic

case 4

rearward step (0.01) vs no step (0.01)

slow acoustic
vorticity
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4.1.4

Qualitative comparison in terms of the type of step

In this subsection, a brief qualitative description of the results is included (as highlighted in Table 4.2):
Case 5: Comparison between forward and backward steps when fast acoustic disturbances of amplitude 0.02 are imposed at the inflow; the rs-step shows a higher reduction
inside the boundary layer.
Case 6: Comparison between forward and backward steps when fast acoustic disturbances of amplitude 0.01 are imposed at the inflow; the fs-step shows a higher reduction
inside the boundary layer.
Case 7: Comparison between forward and backward steps when slow acoustic disturbances of amplitude 0.02 are imposed at the inflow; the rs-step shows a higher reduction
inside the boundary layer.
Case 8: Comparison between forward and backward steps when fast acoustic disturbances of amplitude 0.01 are imposed at the inflow; the fs-step shows a higher reduction
inside the boundary layer.
Case 9: Comparison between forward and backward steps when vorticity disturbances
of amplitude 0.02 are imposed at the inflow; the rs-step shows a higher reduction inside
the boundary layer.
Case 10: Comparison between forward and backward steps when vorticity disturbances
of amplitude 0.01 are imposed at the inflow; the rs-step shows a higher reduction inside
the boundary layer.
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Table 4.2
Supersonic qualitative comparison in terms of the type of step
forward step
case 5

fast acoustic disturbances (0.02)
rearward step
forward step

case 6

fast acoustic disturbances (0.01)
rearward step
forward step

case 7

slow acoustic disturbances (0.02)
rearward step
forward step

case 8

slow acoustic disturbances (0.01)
rearward step
forward step

case 9

vorticity disturbances (0.02)
rearward step
forward step

case 10

vorticity disturbances (0.01)
rearward step
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4.2

Hypersonic boundary layer (M = 5.92)
In this section, results for a hypersonic boundary layer of Mach number 5.92 excited

by free-stream disturbances are presented and discussed. The step height is 0.5 mm and
is located 50 cm from the leading edge (corresponding to a nondimensional coordinate of
150). Unlike the supersonic case where an adiabatic condition was imposed, here isothermal wall boundary conditions are imposed to avoid high temperature at the wall. The mean
flow was again calculated first without imposing the disturbances at the inflow; then, three
types of disturbances were imposed at the inflow boundary: i) vorticity waves, ii) slow
acoustic waves, and iii) fast acoustic waves.
The meshes consist of 400, 000, 410, 000 and 410, 00 grid points for the smooth surface,
forward step and backward step configurations, respectively. The grid is compressed in the
vicinity of the step and stretched to a uniform grid outside of the step, such that ∆x = 0.1
+
mm and ∆ymin = 0.004 mm (with ∆ymin
≈ 1). Here, a single disturbance amplitude of

0.0002 is considered.
Figures 4.19-4.27 show contour plots of pressure, wall pressure distributions, and mean
profiles in the vicinity of the wall. Mean density profiles are distinct from the profiles in
supersonic case because of the isothermal wall conditions. The first three figures 4.194.21 illustrate the results for the flat-plate without the step: the contour plots and the wall
pressure distributions show that the disturbances are amplified inside the boundary layer,
whereas the free-stream disturbances are convected by the mean flow at a constant amplitude. A slight increase of momentum and thermal boundary layers thickness is shown
in the mean flow profiles; the density profile shows that the wall density increases with
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increasing the streamwise coordinate, which results into an increase in the temperature.
Figure 4.20 shows that the fast acoustic waves have a bigger impact on the mean flow
compared to the slow acoustic and vorticity waves; the growth of the disturbances inside
the boundary layer are also slightly higher.
In 4.22-4.24, results corresponding to the forward step are included. They show that
the step excrescence poses a weak discontinuity in the flow which is much stronger than
the discontinuity in the supersonic case. Part b of these figures correspond to a comparison
of the wall pressure distributions between the forward step and no-step cases; it can be
seen that the disturbances inside the boundary layer are not significantly affected in the
downstream of the step when fast acoustic waves are imposed at the inflow. However,
the pressure disturbances in figure 4.22 and figure 4.24 show a significant decay of the
disturbances in the downstream when slow and vorticity waves are imposed. Mean profiles
in 4.22-4.24 show that there is a distortion in both mean density and mean streamwise
velocity in the vicinity of the step.
In the next figures 4.25-4.27, the results from the boundary layer with a backward step
are presented compared to the results from the no-step case. A distinct decay can be shown
in all three types of the disturbances, especially when slow and vorticity waves are imposed
(figures 4.25 and 4.27). The mean profiles of the backward step show the same qualitative
behavior. There is a decrease in the density just upstream of the step (x = 270) and an
increase in the downstream (x = 290).
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a)

b)

c)

d)

Figure 4.19
Results for the no-step case with slow acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) pressure disturbances plots at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.20
Results for the no-step case with fast acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) pressure disturbances plots at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.21
Results for the no-step case with vorticity disturbance.
a) Pressure contour plot of the instantaneous flow; b) pressure disturbances plots at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.22
Results for the fs-step case with slow acoustic disturbance.
a) Pressure contour plot of the instantaneous flow; b) pressure disturbances plots at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.23
Results for the fs-step case with fast acoustic disturbance.

a) Pressure contour plot of the instantaneous flow; b) pressure disturbances plots at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.24
Results for the fs-step case with vorticity disturbance.

a) Pressure contour plot of the instantaneous flow; b) pressure disturbances plots at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.25
Results for the rs-step case with slow acoustic disturbance.

a) Pressure contour plot of the instantaneous flow; b) pressure disturbances plots at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.26
Results for the rs-step case with fast acoustic disturbance.

a) Pressure contour plot of the instantaneous flow; b) pressure disturbances plots at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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a)

b)

c)

d)

Figure 4.27
Results for the rs-step case with vorticity disturbance.
a) Pressure contour plot of the instantaneous flow; b) pressure disturbances plots at the wall; c)
mean density at different x locations; d) mean U-velocity at five different x locations.
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4.2.1

Qualitative comparison

Table 4.3
Hypersonic qualitative comparison in terms of the type of disturbance
fast acoustic
case 1

forward step vs no step

slow acoustic
vorticity
fast acoustic

case 2

rearward step vs no step

slow acoustic
vorticity

Table 4.3 shows a comparison among different types of disturbances for both forward
and backward steps. The highest reduction is achieved when either fast acoustic waves or
vorticity disturbances are imposed in the free-stream flow (as highlighted in yellow in table
4.3) in both cases, 1 and 2.
Table 4.4 shows a comparison between the two types of steps for different types of
disturbances.
Case 3: If fast acoustic waves are imposed at the inflow boundary, the highest reduction
in amplitude is achieved by a backward step.
Case 4: If slow acoustic waves are imposed at the inflow boundary, the highest reduction in amplitude is achieved by a forward step.
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Table 4.4
Hypersonic qualitative comparison in terms of the type of step
forward step
case 3

fast acoustic disturbances
rearward step
forward step

case 4

slow acoustic disturbances
rearward step
forward step

case 5

vorticity disturbances
rearward step

Case 5: If vorticity disturbances are imposed at the inflow boundary, the highest reduction in amplitude is achieved by a forward step.
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CHAPTER 5
CONCLUSIONS

Boundary layer receptivity to free-stream acoustic and vorticity disturbances coupled
with surface step excrescences was studied in this thesis using a high-order Navier-Stokes
solver. The boundary layer flow was directly resolved using appropriate grid resolution in
the proximity to the wall, given a Reynolds number and a Mach number. Two types of
step excrescences were considered, of backward and forward type, with the height in the
order of the boundary layer displacement thickness. One supersonic Mach number of 3.5
and one hypersonic Mach number of 5.92 were considered in the study, taking into account
that below Mach 3 disturbances inside supersonic boundary layers are predominantly threedimensional, while here we studied the development of two-dimensional disturbances. The
Reynolds number based on the step height was 15000 for the supersonic case and 6500 for
the hypersonic case. Free-stream acoustic and vorticity disturbances were imposed at the
inflow boundary with the amplitude and the frequency chosen to excite disturbances inside
the boundary layer (the non dimensional frequency, based on the free-stream velocity and
step height, was 0.5).
Overall, the results showed that the step excrescences have a stabilizing effect on the
boundary layer disturbances, which is in agreement with previous results obtained for two-
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dimensional roughness (Holloway and Sterrett [29], Fong et al. [19, 20, 21, 22], Duan et
al. [13], Park and Park [44], Mortensen and Zhong [41]). Both supersonic (M=3.5) and
hupersonic (M=5.92) flows with a step excrescence of 0.2 mm and 0.5 mm respectively;
showed that a weak discontinuity in the flow interact with the disturbances propagating in
the downstream is posed by both the forward and the backward steps. In the supersonic
case, the vorticity waves seem to have the highest impact on the mean supersonic flow
compared to the effect that slow and fast acoustic waves have. On the other hand, both fast
and vorticity waves are more efficient in exciting the hypersonic boundary layer.
Future work is necessary to determine the dependence of the amplitude reduction and
wave cancellation on the amplitude and frequency of the free-stream disturbances. Answering the question of whether there is an optimum step height that provides wave cancellation in the downstream region from the step for a given Reynolds number, Mach number and free-stream disturbance are also the subject of future work. The work will be also
extended to three-dimensions, where three-dimensional free-stream disturbances will be
imposed.
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